Introduction
Heme oxygenase-1 (HO-1) is a sentinel, detoxifying enzyme that is induced in response to numerous insults, including inflammation and oxidative stress (1) (2) (3) . The potent antiinflammatory and cytoprotective actions of HO-1 have identified it as a potential therapeutic target in CNS inflammatory and neurodegenerative diseases (4, 5) . Among these diseases, HIV infection is associated with neurodegeneration that is thought to result from effects of persistent inflammation and oxidative stress in both systemic and CNS compartments that persist in individuals on antiretroviral therapy (ART) (6) (7) (8) (9) . Within the CNS, such effects are driven by HIV infection of macrophages and microglia and contribute to the continued prevalence of cognitive, motor, and behavioral deficits collectively known as HIV-associated neurocognitive disorders (HAND) (10, 11) , which affect up to 50% of HIV-infected ART-treated individuals (12, 13) . This high prevalence of HAND strongly underscores the need for adjunctive therapies that target the neuropatho-logical processes associated with persistent inflammation and oxidative stress in HIV-infected individuals. We have identified HO-1 as a potential targetable modulator of HIV-associated neuropathological processes using human brain specimens from a large cohort of HIV-infected individuals and in vitro modeling of HIV-associated neurodegeneration.
Two heme oxygenase isoforms (HO-1 and HO-2) are expressed to varying levels in nearly all cell lineages, but only HO-1, the rapidly inducible isoform, is considered to be a critical mediator of the cellular response to injury (14) . Elevated HO-1 expression has been observed in brain tissue from individuals with Alzheimer disease, Parkinson disease, and multiple sclerosis, perhaps reflecting a limited host-protective response against ongoing injury (15) (16) (17) . The protective functions of HO-1 have been linked to the enzyme's degradation of heme, a strong prooxidant, and the subsequent generation of the antiinflammatory and antioxidative products, carbon monoxide, biliverdin, and bilirubin (14) , although nonenzymatic cytoprotective functions of HO-1 through activation of oxidant-responsive transcription factors have also been proposed (18, 19) . HO-1 catabolism of heme also releases free iron, which can contribute to cellular oxidative damage and toxicity. However, free iron rapidly induces expression of ferritin, a ubiquitous intracellular protein that binds and stores iron in a nontoxic form. Expression of HO-1 is regulated through the NRF2-dependent antioxi-Heme oxygenase-1 (HO-1) is an inducible, detoxifying enzyme that is critical for limiting oxidative stress, inflammation, and cellular injury within the CNS and other tissues. Here, we demonstrate a deficiency of HO-1 expression in the brains of HIVinfected individuals. This HO-1 deficiency correlated with cognitive dysfunction, HIV replication in the CNS, and neuroimmune activation. In vitro analysis of HO-1 expression in HIV-infected macrophages, a primary CNS HIV reservoir along with microglia, demonstrated a decrease in HO-1 as HIV replication increased. HO-1 deficiency correlated with increased culture supernatant glutamate and neurotoxicity, suggesting a link among HIV infection, macrophage HO-1 deficiency, and neurodegeneration. HO-1 siRNA knockdown and HO enzymatic inhibition in HIV-infected macrophages increased supernatant glutamate and neurotoxicity. In contrast, increasing HO-1 expression through siRNA derepression or with nonselective pharmacologic inducers, including the CNS-penetrating drug dimethyl fumarate (DMF), decreased supernatant glutamate and neurotoxicity. Furthermore, IFN-γ, which is increased in CNS HIV infection, reduced HO-1 expression in cultured human astrocytes and macrophages. These findings indicate that HO-1 is a protective host factor against HIV-mediated neurodegeneration and suggest that HO-1 deficiency contributes to this degeneration. Furthermore, these results suggest that HO-1 induction in the CNS of HIV-infected patients on antiretroviral therapy could potentially protect against neurodegeneration and associated cognitive dysfunction.
Using our in vitro model of HIV-mediated neurodegeneration, in which HIV infection of monocyte-derived macrophages (HIV-MDM) induces release of soluble neurotoxins (27, 28) , we have identified HO-1 as a key regulator of macrophage glutamate production and associated neurotoxicity. Through analysis of postmortem brain tissue specimens from 156 individuals, we demonstrated that HO-1 protein expression is deficient in the dorsolateral prefrontal cortex (DLPFC) of HIV-infected subjects and that this HO-1 deficiency is correlated with CNS viral load and markers of immune activation. Additionally, we have shown that HIV-associated HO-1 deficiency also occurs within the striatum, but not in the occipital cortex or cerebellum. We have further demonstrated that inducers of HO-1, including DMF and MMF, can ameliorate HIV-MDM glutamate release and neurotoxicity. These findings suggest that HO-1 deficiency contributes to HAND neuropathogenesis through modulation of neurotoxin production and that restoring CNS HO-1 expres-dant response element (ARE), which regulates the induction of a coalition of antioxidant and detoxifying effector proteins (20) .
Overexpression of HO-1 has been shown to be protective in animal models of inflammatory diseases, including cardiac ischemia (21) , pulmonary hypoxia and inflammation (22, 23) , and stroke (24) ; such studies have promoted the study of pharmacological HO-1 inducers in human diseases (25) . Among these HO-1 inducers are the fumaric acid esters, notably dimethyl fumarate (DMF) and its primary in vivo metabolite monomethyl fumarate (MMF), which penetrates the CNS. Both DMF and MMF induce expression of ARE-driven genes, including HO-1, and modulate immune responses in various cell lineages through inhibition of NF-κB signaling, thereby promoting an antiinflammatory and antioxidative cellular state (reviewed in ref. 26) . Recently, an oral DMF preparation, Tecfidera, received FDA approval for the treatment of multiple sclerosis, a disease characterized by recurrent neuroinflammation and oxidative stress.
Figure 1. HO-1 expression is deficient in the DLPFC of HIV-infected subjects.
Protein expression in the DLPFC was assessed by Western blot in 66 HIVnegative (HIV -), 76 HIV-positive without HIVE (HIV + /HIVE -), and 14 HIV-positive with HIVE (HIVE + ) postmortem brain tissue samples. Of the 76 HIV + / HIVEsubjects, 6 were neurocognitively normal (NCN) and 37 were diagnosed with HAND. (A) Representative Western blot of ARE and HO-2 proteins in the DLPFC of HIV -, HIV + /HIVE -, and HIVE + subjects. Protein expression levels were quantified by densitometry analysis, normalized to β-tubulin, and log transformed for comparison between groups for (B and C) HO-1, (D) HO-2, (E) NQO1, and (F) GPX1. The mean HIVgroup protein expression was set to 0 (dotted line). Red lines indicate mean ± SEM. Groups were analyzed by ANOVA with post hoc Holm-Sidak test. *P < 0.05; **P < 0.01; ***P < 0.001. jci.org Volume 124 Number 10 October 2014 ference in HO-1 expression levels in either HIV + /HIVEor HIVE + subjects (Supplemental Figure 2 ). There were no significant differences in expression of either HO-2, a ubiquitously expressed heme oxygenase isoform (47% homology with HO-1) that is not regulated through the ARE, or the ARE effector protein NADPH quinone oxidoreductase 1 (NQO1) among the HIV -, HIV + /HIVE -, and HIVE + subgroups ( Figure 1 , D and E, and Supplemental Figure 1 , C and D). Similarly, expression of the ARE effector protein glutathione peroxidase 1 (GPX1) did not significantly differ among these groups when normalized to β-tubulin ( Figure 1F ), although GPX1 expression showed a significant decrease in HIVE + subjects compared with HIV + /HIVEand HIVsubjects when normalized to GAPDH (Supplemental Figure  1E ). We attempted to analyze NRF2 (the major ARE transcriptional regulator) by Western blot in the DLPFC. Using an extended panel of commercially available NRF2 antibodies, we were unable to reliably detect immunoreactivity consistent with NRF2 protein expression, despite detecting transfected NRF2 gene products in HEK cells (Supplemental Figure 3 ). We therefore cannot confirm NRF2 protein expression levels in brain tissue; however, the lack of significant differences in the expression of the ARE proteins NQO1 and GPX1 in the DLPFC suggests that NRF2-dependent ARE activity is not altered by HIV-infection.
Brain HO-1 protein deficiency in HIV infection varies regionally. To determine whether brain HO-1 deficiency in HIV infection is restricted to the DLPFC, we similarly analyzed HO-1 protein expression in the striatum (head of the caudate), occipital cortex, and cerebellum (anterior cerebellar cortex) in 12 HIV -, 12 HIV + /HIVE -, and 10 HIVE cases. This regional analysis cohort was matched for age, post mortem interval, sex, race, and ethnicity. We observed a significant reduction in HO-1 protein expres-sion could attenuate neurodegenerative processes and thereby reduce the persistent risk of HAND in ART-treated individuals.
Results

HO-1 protein expression is reduced in the prefrontal cortex of HIVinfected subjects.
To determine the expression of HO-1 in the brains of HIV-infected individuals, we used Western blotting to analyze the expression of HO-1, other canonical ARE effector proteins, and HO-2 in fresh-frozen autopsy specimens of DLPFC tissue from subjects enrolled in a previously described National Neu-roAIDS Tissue Consortium (NNTC) cohort (29) . These included samples from HIV-negative subjects (HIV -, n = 66), and HIV-positive subjects with and without HIV encephalitis (HIVE) (HIVE + , n = 14; HIV + /HIVE -, n = 76, respectively). There was a significant reduction in HO-1 protein expression in the DLPFC of HIV + / HIVEindividuals in comparison with HIVcontrols, with the HIVE + subgroup showing even greater HO-1 deficiency ( Figure  1 , A and B, and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI72279DS1). HO-1 expression did not correlate significantly with age or postmortem autopsy interval within the full cohort or within the HIV -, HIV + / HIVE -, or HIVE + subgroups (data not shown).
Further subgroup analysis revealed that HO-1 expression was reduced in HIV + /HIVEsubjects diagnosed with HAND compared with those diagnosed as neurocognitively normal when normalized to β-tubulin ( Figure 1C ), although this comparison was not significant when GAPDH expression was used to normalize (Supplemental Figure 1B) . Notably, the 2 HIVE + subjects who did not demonstrate HO-1 deficiency ( Figure 1B Supplemental Figure 6 , E and F). These results suggest that prefrontal cortex HO-1 deficiency in HIV-infected individuals may be induced by CNS HIV replication and/or the associated innate immune activation of macrophages/microglia.
HO-1 protein deficiency in HIV-infected macrophages occurs concomitantly with increased supernatant glutamate and neurotoxicity.
Many published studies, including our own, have linked HIV-associated macrophage/microglial immune activation to neuronal injury and neurodegeneration in vitro and in vivo (27, (36) (37) (38) (39) (40) . We therefore investigated the link among macrophage HIV infection, HO-1 expression, and associated neuronal injury in our in vitro HIV neurodegeneration model system. Analogous with the brain HO-1 deficiency that we observed in HIV + individuals, HIV infection of MDM in vitro drastically reduced HO-1 expression. This reduction in HIV-MDM HO-1 expression was progressive and time dependent, typically showing a significant drop within 6 to 9 days after virus inoculation as replication approached its highest level ( Figure 5 , A and B). Furthermore, in contrast with this progressive HO-1 reduction, the expression of other ARE proteins (superoxide dismutase 1 [SOD1]; ferritin heavy chain 1 [FTH1]; peroxiredoxin 1[PRDX1]; glutathione S-transferase pi 1 [GSTP1]; thioredoxin reductase 1 [TRXR1]; NQO1; GPX1) was not consistently altered during infection ( Figure 5C ). Several of these proteins showed a transient increase from basal levels immediately after infection (day 0), but only HO-1 exhibited a progressive and persistent change from baseline over the course of infection. This suggests that the decrease in HO-1 protein expression in HIV-MDM is relatively specific and not a consequence of global suppression of ARE-driven gene expression. Finally, we did not observe a decrease in expression of HO-2, which further suggests that the decrease of the HO-1 isoform is relatively specific.
Associated with this selective HO-1 loss in HIV-MDM was a concomitant increase in extracellular levels of glutamate ( Figure 5D ), which is released from HIV-infected macrophages and microglia (41, 42) . Notably, glutamate has been shown to be elevated in the CSF of HIV-infected individuals and CSF glutamate levels are correlated with the severity of HAND and brain atrophy (43) . As expected, increased HIV-MDM supernatant glutamate sion in the striatum of HIVE + subjects compared with HIVand HIV + /HIVEsubjects ( Figure 2A and Supplemental Figure 4A ). However, we did not find any significant changes in HO-1 protein expression in the occipital cortex or cerebellum ( Figure 2 , B and C, and Supplemental Figure 4 , B and C). In each of these regions, the expression of HO-2, NQO1, and GPX1 proteins in the HIVgroup did not significantly differ from that in either the HIV + / HIVEor HIVE + groups. (Figure 2 , D-F, and Supplemental Figure  4 , D-F), a finding consistent with that in the DLPFC.
HO-1 prefrontal cortex deficiency correlates with CNS viral load, type I IFN response, and macrophage activation. We further sought to determine the relationships among HIV replication and associated markers of immune activation and HO-1 expression. In HIV + subjects, prefrontal cortex HO-1 expression correlated negatively with both cerebrospinal fluid (CSF) and prefrontal cortex parenchyma HIV RNA load, but not with plasma viral load or CD4 + T lymphocyte counts ( Figure 3 , A-D, and Supplemental Figure  5 , A-D). This suggests that CNS HO-1 deficiency associates with ongoing HIV replication within the CNS compartment, but not with HIV replication in the periphery. As increased levels of markers of immune activation and the inflammatory type I IFN pathway are associated with the presence of HAND and high levels of brain parenchyma HIV RNA (30, 31) , we assessed the mRNA expression of several markers of immune activation within our HIV + cohort. Expression of mRNA of the type I IFN-inducible genes ISG15 and MX1 correlated negatively with HO-1 expression ( Figure 4 , A and B, and Supplemental Figure 6 , A and B), while no significant correlation with mRNA expression of IRF1, a predominantly type II IFN response gene (32) , was observed ( Figure 4C and Supplemental Figure 6C ). Expression of mRNA of the macrophage/microglia activation marker and haptoglobin-hemoglobin scavenging receptor CD163 (33) correlated negatively with HO-1 expression ( Figure 4D and Supplemental Figure 6D ). The link to CD163, which is expressed by perivascular macrophages as well as a unique subset of ramified gray matter microglia in HIVE (34, 35) , was relatively specific, as the macrophage activation marker CD68 and the cytotoxic T lymphocyte marker CD8A were not correlated significantly with HO-1 ( Figure 4 , E and F, and To further confirm the role for HO-1 in modulating macrophage glutamate production and neurotoxicity, we used tin(IV) mesoporphyrin IX dichloride (SnMP), a potent inhibitor of HO-1 and HO-2 enzymatic activity (44) , which also induces HO-1 expression, through derepression of the HO-1 promoter (45) . As expected, the addition of SnMP to HIV-MDM cultures under conditions identical to those of the CoPP treatments did not alter HIV replication and did induce HO-1 protein expression ( Figure 7, A and B ). Strikingly, SnMP treatment dose dependently increased supernatant glutamate ( Figure 7 , C and E) and neurotoxicity ( Figure 7 , D and F), suggesting that inhibition of heme oxygenase (HO-1 and/or HO-2) enzymatic activity enhances HIV-MDM glutamate production. Notably, SnMP also modestly increased NQO1 expression in MDM without altering HO-2, TRXR1, GSTP1, or GPX1 expression, similar to the effects of CoPP (Supplemental Figure 7 , A and B). As both CoPP and SnMP have similar effects on ARE protein expression, but only SnMP inhibits HO-1 and HO-2 enzymatic activity, these data strongly suggest that heme oxygenase enzymatic activity mediates the effects on HIV-MDM glutamate production and neurotoxicity. Additionally, similar effects of SnMP were observed in uninfected MDM, with SnMP treatment dose dependently increasing supernatant glutamate and neurotoxicity (Supplemental Figure 8 , A and B). Importantly, we did not observe SnMP cytotoxicity in MDM at the doses used (Supplemental Figure 8 , C and D). This further supports the hypothesis that deficiency of heme oxygenase enzymatic activity in MDM may induce glutamate release and neurotoxicity.
Finally, inhibitors of NQO1 (dicoumarol, DCM) and GPX1 (mercaptosuccinic acid, MSA) enzymatic activity did not increase MDM supernatant glutamate or neurotoxicity (Supplemental Figure 8, A and B) , further supporting the specificity of heme oxygenase effects. These results suggest that HO-1 modulates MDM glutamate production and neurotoxicity, and they further suggest was associated with supernatant neurotoxicity as determined by loss of microtubule-associated protein 2 (MAP2) immunoreactivity in a cell-based ELISA of primary neurons exposed to HIV-MDM supernatants ( Figure 5E ). Consistent with previous reports, HIV infection of MDM did not induce MDM death ( Figure 5F ), indicating that MDM injury and associated membrane leakiness are unlikely to account for the elevated supernatant glutamate.
Pharmacologic inducers of HO-1 expression and an inhibitor of HO enzymatic activity modulate HIV-MDM supernatant glutamate and neurotoxicity. Given the association between decreased HO-1 protein expression and glutamate production in HIV-MDM, we hypothesized that HO-1 modulates the release of glutamate from MDM and the associated neurotoxicity. To test this, we induced HO-1 expression in HIV-MDM with cobalt (III) protoporphyrin IX chloride (CoPP) and determined effects on supernatant glutamate and neurotoxicity ( Figure 6 ). CoPP robustly induces HO-1 protein expression in MDM (~20-fold) with limited induction of other ARE proteins (NQO1 and TRXR1, ~1.5-to 2-fold) with no effect on HO-2, GPX1, or GSTP1 expression (Supplemental Figure 7 , A and B). We applied CoPP to HIV-MDM during days 6 to 15 of HIV infection, when glutamate production and supernatant neurotoxicity are generally robust (see Figure 5 ). The addition of CoPP profoundly increased HO-1 expression in HIV-MDM while modestly increasing expression of NQO1 ( Figure 6B that the brain HO-1 deficiency observed in HIV-infected individuals directly contributes to HIV-mediated neurodegeneration. siRNA-mediated induction and inhibition of HO-1 expression modulate HIV-MDM supernatant glutamate and neurotoxicity. Given our evidence that pharmacologic modulations of heme oxygenase alter supernatant glutamate and neurotoxicity, we attempted to confirm the role of HO-1 in HIV-MDM neurotoxin production using an siRNA-knockdown approach. We tested 2 siRNAs targeted against HO-1 and 2 siRNAs against BTB and CNC homology 1 (BACH1) transcription factor, a robust negative transcriptional regulator of HO-1 (46) . Transfection efficiency in 4 independent MDM donor cultures ranged from 84% to 96%, as determined by transfection of a fluorescent control RNA oligomer (Supplemental Figure 9A ). We confirmed that both siRNAs targeted against HO-1 reduced HO-1 protein expression by approximately 10-fold in MDM and HIV-MDM, while siRNAs targeting BACH1 were able to reduce BACH1 protein expression by approximately 3-fold (Supplemental Figure 9 , B-D). Associated with this BACH1 knockdown was an approximately 10-fold increase in HO-1 expression. Furthermore, neither the HO-1 nor BACH1 siRNAs altered HO-2 expression, in contrast with 2 siRNAs targeted to HO-2. Thus, we were able to selectively modulate HO-1 expression by siRNA without altering HO-2 expression. Therefore, to further confirm the role for HO-1 in regulating glutamate and neurotoxicity in HIV-MDM, we used siRNA targeting both HO-1 and BACH1 alone and in combination on day 6 after HIV infection of MDM. We transfected HIV-MDM with either scramble siRNA, HO-1 siRNA, BACH1 siRNA, BACH1 plus scramble siRNA, or BACH1 plus HO-1 siRNA and analyzed protein lysates and supernatants on day 12 after infection. Successful siRNA knockdown of HO-1 and BACH1 was confirmed by Western blot, and neither knockdown altered HIV replication ( Figure 8, A and B) . Knockdown with BACH1 siRNA (or BACH1 siRNA plus scramble siRNA) reduced extracellular glutamate and supernatant neurotoxicity, while knockdown of HO-1 increased extracellular glutamate and supernatant neurotoxicity (Figure 8 , C and D). Furthermore, BACH1 plus HO-1 knockdown partially reversed the reduced glutamate and neurotoxicity effects, suggesting that BACH1 siRNA modulation of glutamate and neurotoxicity is in part an effect of HO-1 protein induction (Figure 8, C and D) . These siRNA-mediated effects on glutamate levels were seen in 2 additional independent experiments from 2 additional MDM donors. Among these 2 replicate experiments, one donor failed to achieve a significant increase in neurotoxicity with HO-1 and BACH1 double knockdown compared with BACH1 plus scramble, although HO-1 and BACH1 knockdown alone did increase and decrease neurotoxicity, respectively (not shown). Overall, these siRNA knockdown data support the conclusion that HO-1 modulates supernatant neurotoxicity and glutamate in HIV-MDM independently of HO-2.
The therapeutic ARE and HO-1 inducer, DMF, attenuates HIV-MDM supernatant glutamate and neurotoxicity. The potential benefit of therapeutic induction of HO-1 expression in the brains of HIVinfected individuals prompted us to examine the CNS-penetrating HO-1 inducer DMF for effects on MDM glutamate production and neurotoxicity. We previously showed that DMF and its primary in vivo metabolite, MMF, reduce neurotoxicity of HIV-MDM supernatants when applied to MDM cultures prior to inoculation with HIV (37). This effect was associated with both increased HO-1 expression and reduced HIV replication, both of which likely contributed to the reduction in neurotoxicity. We have now extended these studies to examine effects of DMF and MMF on glutamate production, HIV replication, and neurotoxicity when applied to MDM after HIV infection is established, as would reflect the state of the brain in HIV-infected individuals. Although less specific for HO-1 than CoPP, the ARE inducers DMF, MMF, and tert-butylhydroquinone (tBHQ), nonetheless significantly induce the expression of HO-1, as well as other ARE proteins (Supplemental Figure  10A ). After exposure of MDM to each ARE inducer, we observed a peak of HO-1 induction at 6 to 12 hours, with HO-1 levels returning to baseline by 48 hours (Supplemental Figure 10 , B-D).
Because of this transient effect on HO-1 expression after single doses of DMF and MMF, we treated HIV-MDM cultures with multiple doses beginning on day 6 and again on day 9, and then quantified supernatant glutamate and neurotoxicity on day 12 (Figure 9 ). Similar to previous HO-1-modulating treatments, we saw no effect of either DMF or MMF on HIV replication (Figure 9 , A and D), yet we observed a significant reduction in supernatant glutamate (Figure 9 , B and E) and supernatant neurotoxicity (Figure 9 , C and F). We saw similar effects after treatment with tBHQ (Figure 9 , G-I). . Initially we examined HO-1 protein expression in human fetal astrocytes following chronic exposure (15 days) to these inflammatory mediators to reflect the chronic inflammatory state in HIV-infected individuals. This chronic exposure to IFN-γ alone or in combination with TNF-α or LPS significantly reduced HO-1 protein expression ( Figure 10, A and B) , while no effect of TNF-α or LPS on HO-1 expression was observed. We next examined astrocyte HO-1 expression after a 24-hour exposure to these inflammatory mediators. Under these conditions, TNF-α alone and in combination with LPS induced HO-1 expression ( Figure 10, C and D) , while IFN-γ showed a nonsignificant decrease in HO-1 expression. Notably, this TNF-α induction of HO-1 was attenuated when IFN-γ was applied in combination, suggesting that IFN-γ can suppress HO-1 induction by proinflammatory cytokines. We also found that IFN-γ significantly reduced HO-1 expression in uninfected MDM after 24 hours of treatment (Supplemental Figure 12, A and B) . These results suggest that the HO-1 deficiency in HIV-infected brain could result from macrophage HO-1 loss induced by HIV replication and astrocyte HO-1 loss induced by IFN-γ signaling. Consistent with this hypothesis, elevated CSF levels of IFN-γ are found in HIV + patients, even those on suppressive ART (52).
Discussion
The high prevalence of HAND in ART-treated HIV-infected individuals strongly emphasizes the need for adjunctive therapies that target the neuropathological processes that persist within the CNS despite the substantial benefit provided by ART (12, 13) . These processes include inflammation and oxidative stress, which persist not only within the CNS but also within the systemic compartment in such individuals (6) (7) (8) (9) . In our attempts to identify host factors that contribute to these processes, we have demonstrated a deficiency of the phase II detoxifying enzyme HO-1 in the prefrontal cortex of HIV-infected individuals with HAND, and we Notably, treatment of primary rat cortical neurons with DMF or MMF concurrently with HIV-infected macrophage supernatant did not prevent neuronal injury and death as measured by MAP2 ELISA (Supplemental Figure 11, A and B ), suggesting that DMF/ MMF neuroprotection in this study is likely due to effects on macrophages, rather than effects of any unmetabolized DMF/MMF remaining in the macrophage supernatant used to treat neurons. These data demonstrate that ARE inducers, including DMF and MMF, at concentrations consistent with CSF MMF concentrations in vivo (47) can ameliorate neurotoxin production in HIV-MDM independently of suppression of viral replication.
IFN-γ reduces HO-1 protein expression in human fetal astrocytes and uninfected macrophages. Because macrophages represent only a small fraction of cells within the CNS, reduction of HO-1 within HIV-infected macrophages alone is unlikely to account for the HO-1 deficiency we observed in whole-tissue lysates from the DLPFC and striatum. Because astrocytes are the predominant cell lineage expressing HO-1 in the CNS, we examined astrocyte virus-induced HO-1 deficiency and glutamate production suggests a potential therapeutic benefit of restoring HO-1 expression in HIV-infected brain macrophages. To this end, we have shown that restoring HO-1 expression in HIV-infected macrophages in vitro reduces neurotoxic levels of glutamate. Because therapeutic formulations of drugs that can effectively induce HO-1 expression (e.g., the fumaric acid ester DMF) have become available clinically, our studies suggest a feasible and rational therapeutic approach to providing neuroprotection to HIV-infected patients.
In addition to demonstrating HO-1 deficiency in the prefrontal cortex of HIV + patients with HAND, we also observed a reduction in HO-1 protein expression in the striatum of subjects with HIVE compared with HIVand HIV + /HIVEsubjects in a smaller cohort. This finding provides evidence that HIV-associated HO-1 deficiency within the CNS is not restricted to the prefrontal cortex, but occurs in other brain regions. However, we did not observe altered HO-1 protein expression in the occipital or cerebellar cortex, indicating that the reduction of HO-1 in HIV infection is not a global HIV effect in the brain. The pathological mechanism underlying the regional distribution of HO-1 protein deficiency in HIV-infected individuals is unclear. Notably, structural and functional imaging studies as well as neuropsychologi-have further shown that this deficiency is particularly severe in those subjects who also have HIV encephalitis. This protein deficiency appears to be specific for HO-1 relative to other members of the ARE-driven gene family, as we saw no consistent changes in other ARE proteins or in the heme oxygenase isoform HO-2 in brain tissue. Prefrontal cortex HO-1 deficiency correlated with higher brain and CSF viral load and markers of immune activation and was associated with a clinical diagnosis of HAND. Notably, we observed no significant difference in the severity of brain HO-1 deficiency between ART-naive and ART-experienced subpopulations, suggesting that conventional ART may not prevent or reverse this brain HO-1 deficiency and its associated cognitive dysfunction. However, we cannot rule out an influence of ART, as ART-experienced decedents are often discontinued from therapy regimens near the time of death.
We have thus linked brain HO-1 deficiency to HIV replication, immune activation, and cognitive dysfunction (HAND) in ARTtreated and nontreated subjects. Furthermore, we have used our in vitro HIV neurotoxicity model to demonstrate that HIV infection of macrophages markedly reduces HO-1 expression and that this HO-1 deficiency is linked to increased toxic levels of glutamate, a HAND-associated neurotoxin (41) (42) (43) . This association between jects correlates with increased brain parenchyma and CSF viral loads, but not with plasma viral load or CD4 T cell count. This implicates the CNS viral reservoir as a driver of brain HO-1 deficiency independently of systemic HIV reservoirs, and it could identify one mechanism, loss of HO-1 enzymatic function, that contributes to persistent oxidative stress in HIV-infected brain. Whether HO-1 deficiency within the peripheral compartment is similarly associated with systemic oxidative stress and systemic HIV disease progression is unknown. However, a recent study by Seu et al. has shown that a GT(n) repeat polymorphism within the HO-1 promoter region is associated with cal testing studies suggest that the frontostriatal circuitry may be particularly vulnerable to injury and dysfunction in HIV infection (53) . Further analysis of regional expression of immune activation markers, viral load, and other proteins may elucidate common or unique associations with HO-1 expression.
Previous studies have associated CNS HIV replication with neurodegeneration, immune activation, and cognitive dysfunction and have further shown that persistence of immune activation and oxidative stress in both systemic and CNS compartments is associated with disease progression within those compartments (6-9). We demonstrated that prefrontal cortex HO-1 deficiency in HIV-infected sub- to varying extents by these approaches, cannot be ruled out. The inhibition of heme oxygenase (HO-1 and HO-2) enzymatic activity and selective HO-1 knockdown increased glutamate and associated neurotoxicity in HIV-infected macrophages, which further implicates HO-1 in modulating macrophage-mediated neurotoxin production in HIV infection. Given that microglia can support robust HIV replication and that HIV infection of microglia similarly enhances extracellular glutamate and associated neurotoxicity (42) , we hypothesize that HIV reduces HO-1 expression and that HO-1 modulates neurotoxin production in HIV-infected microglia. However, loss of HO-1 protein expression in macrophages/ microglia probably does not account for the low level of HO-1 expression in whole-brain tissue lysates. We speculate that HIV replication in macrophages/microglia indirectly modulates HO-1 expression in other cell types within the CNS, perhaps through release of cellular factors associated with macrophage/microglia activation and HIV-mediated neuroinflammation. Although HO-1 expression has been reported in neurons (although often undetectable in individuals without CNS disease), HO-1 appears to be primarily expressed in astrocytes, macrophages, and microglia in the normal/noninjured brain (55, 56) . Because macrophages and microglia constitute a small percentage of the cells within the altered HO-1 inducibility in PBMCs. Specifically, longer GT(n) repeat length is associated with lower HO-1 induction. Furthermore, longer GT(n) repeat length in HIV-infected African Americans correlated with increased plasma sCD14 and viral load, suggesting a link with systemic HIV disease progression (54) . Additional studies of the associations between HO-1 microsatellite polymorphisms and risk for HIV disease progression, particularly neurocognitive impairment, in larger population cohorts are clearly needed.
In addition to correlating with CNS viral replication, prefrontal cortex HO-1 deficiency also correlated with markers of innate immunity (type I IFN response genes ISG15 and MX1) and macrophage and microglia activation (CD163). These data implicate the potential role for macrophage and microglia activation/infiltration in mediating brain HO-1 deficiency, although how this occurs is as yet unclear. We have demonstrated that HIV replication in macrophages dramatically reduces HO-1 expression and that this HO-1 deficiency is associated with elevated extracellular glutamate and supernatant neurotoxicity.
Using both pharmacological and genetic approaches, we further showed that HO-1 induction decreased glutamate production and associated neurotoxicity. However, the contribution of other ARE-induced genes (e.g., NQO1), which were induced Notably, HO-1 has been reported to inhibit NF-κB through inhibition of phosphorylation of the p65 (NF-κB subunit) at serine 276 (61), a mechanism of inhibition also reported in response to DMF treatment in dendritic cells (62 Statistics. All quantifications are expressed as mean ± SEM. Twotailed Student's t test or 1-way ANOVA followed by a Holm-Sidak post-test were performed on indicated comparisons. Analyses of linear trends were performed by multivariate linear regression analysis where b is the slope of the line of association and P is the P value versus the null hypothesis (b = 0). Significance was defined as α = 0.05 unless otherwise noted in order to correct for multiple comparisons. Statistical support was provided by the Biostatics and Data Management Core, Center for AIDS Research, Perelman School of Medicine, University of Pennsylvania.
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We acknowledge the support of the Center for AIDS Research Virology Core and Biostatistics and Data Management Core and the Mahoney Institute of Neurological Sciences (MINS) Neuron Culture Service Center at the University of Pennsylvania Perelman School of Medicine. Primary human fetal astrocytes were generously provided by Temple University's Comprehensive NeuroAIDS Center (P30 MH092177). This work was supported in part by NIH R01 grants NS043994 (to D.L. Kolson), MH095671 (to D.L. Kolson), MH104134 (to D.L. Kolson), and brain, even in HIV-encephalitis cases (57) , most of the detectable HO-1 likely represents the astrocyte population, which accounts for approximately 50% of the brain parenchyma. We have identified IFN-γ as a candidate cellular factor that decreases astrocyte HO-1 expression, which could thus be responsible for the HO-1 deficiency observed in the prefrontal cortex and striatum of HIVinfected individuals. IFN-γ has been shown to be elevated in the CNS of HIV-infected individuals (48, 49) , even aviremic subjects on suppressive ART (52) . We have shown that IFN-γ can reduce the expression of HO-1 in both human astrocytes and noninfected human macrophages, a finding previously described in IFN-γtreated human glioblastoma cells and human retinal pigment endothelial cells (58, 59) . Thus, elevated IFN-γ within the CNS of HIV-infected individuals could mediate reduction of HO-1 expression in noninfected cells. Because macrophage glutamate production is strongly associated with HO-1 deficiency, we suspect a similar relationship between HO-1 deficiency and glutamate production in astrocytes, which are the primary scavengers of extracellular glutamate within the CNS.
We believe that the deficiency of HO-1 expression in HAND brain might be unique among neurodegenerative diseases associated with CNS inflammation and oxidative stress. Alzheimer disease, Parkinson disease, and multiple sclerosis are also associated with CNS inflammation and oxidative stress (60), yet are not associated with decreased brain HO-1 expression. In contrast, these neurodegenerative diseases are all associated with increased brain HO-1 (15) (16) (17) . For such CNS diseases, HO-1 induction in response to injury is considered to be a limited endogenous protective response and a potential therapeutic target for further protection against inflammation and oxidative stress (4). Why HO-1 expression is reduced in HIV infection of the brain, which is also associated with inflammation and oxidative stress, is unclear; effects of IFN-γ are one possibility. Our preliminary studies of HO-1 mRNA expression in HIV-infected brain and in HIV-infected macrophages do not indicate transcriptional suppression of HO-1 (not shown). Furthermore, other ARE-driven gene products, such as NQO1, GPX1 and others, are expressed at normal levels in HIV-infected brain and in HIV-infected macrophages, which argues against transcriptional suppression of the ARE promoter as an explanation for HO-1 deficiency. The deficiency of HO-1 expression in both systems appears relatively specific for HO-1 among ARE proteins, and we suspect accelerated HO-1 degradation as the likely cause. We are currently investigating this hypothesis.
Our studies support a role for induction of HO-1 expression as a protective strategy against HIV disease progression, and they further suggest that drugs such as DMF could serve this therapeutic role. DMF and its primary in vivo metabolite MMF are potent inducers of HO-1 expression and MMF is detectable within the CSF after oral delivery of DMF at concentrations (4.4 μM) that effectively induce macrophage HO-1 expression and suppress production of neurotoxic levels of glutamate (47) . Other effects of DMF and MMF (inhibition of HIV infection of macrophages, inhibition of macrophage NF-κB nuclear translocation and TNF-α release, and reduction of CCL2-mediated monocyte chemotaxis) could also have beneficial effects in ART-treated individuals (37), although whether these effects are related to HO-1 induction is not clear.
